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IMPROVED CONTROL FOR FUNCTIONAL ELECTRICAL
STIMULATION TO RESTORE WALKING
Dejan Popovic1,2 , PhD; Thomas Sinkjær1, PhD
Abstract: Functional electrical stimulation (FES) technology carries the potential for restoring walking in patients
with paralysis of the legs. The goal is to bring this technology to a large number of people and make them
functional walkers. In order to transfer research results into a usable, daily assistive system, the control of FES
must be improved. The control of FES systems designed to restore walking uses the principles of robotics. A
method that follows the principles of natural control used for walking in the able-bodied is described in this
paper. A hierarchical hybrid control (HHC) method has been selected because of the similarities of the flow
of information between HHC and natural control of movements. The controller suggested here is a three-level
structure. The top, decision level is left with the user, and is exclusively natural. The coordination level uses
the finite state model of walking; this represents walking as a sequence of ‘sensing-acting pairs’, called artificial
reflexes. These artificial reflexes can be realized by a so-called rule-based control (RBC) that decomposes the
control to individual actuator controllers. RBC relates to the process of locomotion and is, therefore, general
for all potential users. The third, the actuator, lower level of control is based on a biomechanical model of
the neuromusculo-skeletal system at a single joint level. The parameters of the model have to be customized
to the user, and they are determined by individual properties (muscle force vs muscle length, velocity of shortening,
and recruitment characteristics).
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Introduction
Functional electrical stimulation (FES)-based assistive
devices, called neuroprostheses (NPs), can assist patients
with paralysis of the legs to restore standing and walking
[1]. NP activate paralysed, but innervated, muscles by
delivering an electrical charge to peripheral nerves or
the central nervous system (CNS). NPs are used for
therapy and assistance to restore limited ambulation in
many rehabilitation institutions [2–11]. Several methods
that combine an NP with a mechanical orthosis for
restoring locomotion have been developed and tested
[12–25]. Table 1 summarizes the results of clinical
evaluations of different NPs used for walking.
The only assistive system that employs automatic
control allows a speed of progression of up to 60 metres
per minute. However, the walking is still energy
Original Paper
demanding, and requires quite a lot of work from the
upper extremities (Table 1). This system uses up to 64
percutaneous, intramuscular electrodes and 16-channel
stimulation [6]. The preprogrammed open-loop control
must be customized to the user and the environment [6].
Other systems allow a maximum speed of progression of
about 20 to 25 metres per minute, and are very fatiguing
and energy demanding. Therefore, in reality, most
subjects who are candidates for walking choose the
wheelchair over an NP, mechanical brace, or a
combination of these. At present, there are only a few
highly motivated individuals with paralysis who use NPs
to assist walking. The reasons for this are that assisted
walking is slow, it requires extreme energy and power
and the reliability, safety, and ease of use of the assistance
are questionable. Hence, the cost–benefit ratio of using
FES is too low when compared with able-bodied walking
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(Table 1). The main reason for the low efficiency of
assisted walking is the inappropriate control, which is
not integrated into those preserved functions of a patient
with paralysis.
These statements somewhat contradict the many
promising results in the field of NP that have been
presented lately. It is possible to selectively stimulate
specific muscles [26, 27], and recruit them orderly as in
naturally controlled contractions [28, 29]. There are
many sensors (natural and artificial) able to measure
variables needed for control [30, 31]. Microcontrollers,
microelectronics and microfabrication in conjunction
with improved coating technology allow implantation of
various neuroprosthetic components [32–33].
Motor control studies needed to help the utilization
of the technology available provide new knowledge that
is highly valuable for designing better NPs. Movement in
the human body can be attributed to central programming
where the sequence and rhythm continuously influence
the level of motor performance [34]. For our purposes,
we may conclude the following: the CNS can auto-
nomously generate detailed patterns of muscle activity
that can form the substrate of complex movements.
These patterns must be under direct feedback control
to be useful (they are modulated and at times overruled
by sensory-evoked control mechanisms in the CNS) and
generation of the locomotor rhythm depends on
sensorimotor interaction.
The control design must keep in perspective the
specifics of living systems [35]: 1) muscles produce large,
instantaneous changes in output force when kinematic
conditions change [36], but respond only sluggishly
when neural activation changes; 2) the signals from
large numbers of noisy sensors of diverse physical
variables converge with the signals from many command
centres before they are routed to the motoneurons that
then activate muscles; and 3) human movements are
performed at a so called ‘preferred way’ (sub-optimally,
but adequately in the widest possible range of
circumstances), rather than optimally (only for nominal
conditions).
Methods
External control of walking
The controls for NP have most frequently been designed
using only principles developed for robotics. We suggest
a control method that uses natural principles of motor
control enabling it to be integrated into the preserved
neuromuscular mechanisms of a subject with paralysis.
Recently, a very efficient hierarchical, hybrid control
was introduced [37]. This method carries similarities
with the natural control of movements. A general scheme
showing a hierarchical, hybrid controller, which includes
principles of natural control, is shown in Figure 1.
The top level is left with the user, and is exclusively
natural. There are several interfaces used for decision
level at this time; all require full attention and they
trigger a preprogrammed sequence of stimulation. In
some cases, a simple hand switch is used to initiate action
for each step [4, 7]. Sensory triggering that relies on foot
insoles instrumented with pressure sensors [38], joint
angle sensors [15], or recordings of the activities (EMG)
HAS = Hybrid Assistive System; SFMO = self-fitting modular orthosis; LSU = Louisiana State University; RGO = reciprocating gait orthosis; HGO
= hip guidance orthosis; LLB = long leg brace. *Best performance. The heart rate and blood pressure are measured at the end of 30-meter walking
and at rest.
Table 1. The performances of subjects walking with functional electrical stimulation (FES) and hybrid
orthoses and able-bodied subjects
Surface Implanted HAS HAS[19] HGO[20, 21] LLB[22] Able-bodied
FES [7] FES [6] FES/SFMO [18] LSU/RGO humans [25]
Oxygen rate 12.2 ± 4.6 19.5 ± 2 16.8 15.6 ± 5 16 ± 5 14.5 ± 4.3* 12.1
   [mL/kg/min]
Oxygen cost 0.8 ± 0.2 1.04 ± 0.05 0.6* 0.68 ± 0.2 0.8 ± 0.2 0.74 ± 0.3 0.15
   [mL/kg/m]
Speed Vmax 26 ± 20 60* 28.42 30 ± 9 20 ± 9 27 ± 17 85
   [m/min]
Heart rate ?? 161 125 120* ?? 136 91
   [beats/min] 80 rest 84 rest 88 rest 88 rest 84 rest
Blood presure ≈ 150/90 ≈ 160/90 ≈120/90* ≈130/90 ≈ 141/95 ≈ 158/100 ≈ 120/80
   [mm Hg]
Use of upper ? ≈ 50 31 28* ? 21.7 ± 23 0
   extremities [%]
No. of subjects 10 5 2 4 35 36 20
   in the study
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from non-paralysed muscles is starting to be applied,
with limited success, in the clinical environment.
Designing an interface that will allow the user to receive
and send commands at the subconscious level (cognitive
functions) will be the ideal solution (eg, brain interface)
and remains to be perfected.
This paper concentrates on the coordination and
actuator levels of control (Fig. 1). These levels deal with
both the strategy to employ the resources available, and
the methodology to effectively utilize them. A similar
control method has been tested in an artificial-powered
above-knee prosthesis [39] and a powered hybrid NP [40].
Coordination level: artificial reflex control
Artificial reflex control (ARC) is the name for a non-
numerical method of movement control in which an
algorithm uses information corresponding to sensory
data as input, and generates control actions based on a
suitable knowledge representation concerning which
actions are appropriate in which circumstances [41].
ARC relates to the production of locomotion, therefore,
it is general for all potential users.
Production rule systems (PRS) are applicable for the
coordination level of control. They deal with problems
for which no general algorithm is defined; that is, there
is no known sequence of steps guaranteed to lead to the
solution. Since no algorithm is defined, a heuristic
approach is essential. A heuristic method involves
choosing a strategy which seems promising, while
keeping open the possibility of changing it to another
one, if the first one does not seem to lead quickly to a
solution. PRS uses knowledge representation. Some
correspondence must be established between the external
world of reality and an appropriate internal symbolic
representation. Acquiring necessary and sufficient
information for operation is a derivative problem (the
‘knowledge acquisition problem’) that can today be
tackled by machine learning [38, 42, 43]. PRS are also
able to learn from mistakes; hence they improve the
performance by taking account of past errors.
The formalism of PRS relies on a situation–action
pair, meaning that whenever a certain situation is
encountered (given as the left side of a rule) the action
on the right side of the rule is performed. There is no a
priori constraint on the form of the situation, or of the
action.
The PRS for the coordination level consists of several
blocks (Fig. 2). The regular rule base contains regular
rules grouped into sets. These rules are expressed as
situation-action pairs, relevant within a specific gait
mode, and they execute (fire) when expected sensory
patterns are recognized following a well-defined order.
Conflict situations, which are not expected within
the specific gait mode, are called hazard states. Conflict
situations occur due to the uncertainty of the available
sensory information, and/or hardware limitations, in
addition to unexpected gait events. Hazard rules are
expressed as situation–action pairs specific to such conflict
situations, and they are housed in the hazard rule base.
The mode rule base comprises two parts: external and
internal mode rules (Fig. 3). External mode rules are
Fig. 1. Hierarchical hybrid controller for functional
electrical stimulation to restore locomotion.
Operating
base
Set xx
Coordination
Hazard
rule
base
Rule N
State (N) of
the plant
Mode rule base
Matching
Actuator N
controlActuator J
controlActuator 2
controlActuator 1
control
Regular rule
base
Set 1
Set J
Set M
State (N+1)
Matching
Yes
Yes No
No
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expressed as situation–action pairs dealing with
environmental recognition and adaptation. Environ-
mental recognition depends on the environmental
pattern, and the current relevant activity and state of the
system. Internal mode rules are expressed as situation–
action pairs dealing with adaptation within the specific gait
mode (terrain slope angle, gait speed, etc).
One example of a mode rule base is shown in Figure
3. Arrows indicate possible transitions between different
modes, suggesting that some transitions are not allowed.
These transitions may be allowed as well, but the real-
time control necessitates restrictions on the size of the
operating rule base.
The organization of rules appropriate for the level
walking is shown in Fig. 4. There are four classes of rules:
internal and external mode, regular, and hazard.
The operating rule is hosting a subset from the
regular rule base. Regular rules appropriate for one
mode of walking are transferred based on the recognition
of the intention or change of modality. Once the change
of mode or intention is recognised, the content of the
operating rule base changes (Fig. 2).
The actual organisation of a single rule is illustrated
by an example. Each of the rules is organized using an If–
Then structure. The conditional part of the rule deals
with the recognition of the sensory state (situation), and
the decision-making part with the execution of the rule
(action). The rule for terminal flexion has the form:
If: the knee angle is smaller than the terminal value,
and the knee’s relative angular velocity is negative, and
the shank of the supporting leg (stance) is behind the
vertical, and both the toe and heel forces are less than a
selected threshold (swinging leg), and if: the previous
rule was initial flexion. Then: ballistic swing is allowed
(muscles are not stimulated).
Actuator level: customized, model-based control
The lower, actuator control level is responsible for
executing the decisions from the coordination level.
Executing commands in the sense of artificial reflexes
means that electrical stimulation has to be delivered to
a group of muscles that are controlling a joint. Single
joint control is achieved through a coordinate action of
several muscles acting at the neighbouring segments
(monoarticular muscles) or non-neighbouring bone
segments (biarticular muscles). The muscle actions result
in joint torque, and this torque depends on several
factors: neural activation of different muscles contributing
to the torque, muscle length of these muscles vesus their
length in the resting state, and their velocity of shortening
or lengthening [44].
According to the literature, the muscle model can
predict the muscle torque with 85% to 90% accuracy
during simultaneous, independent, pseudo-random
variations of recruitment, angle and angular velocity if
the parameters of the model are known with sufficient
accuracy [43]. A well-suited model (Fig. 5) is a three-
component multiplicative model: 1) activation dynamics;
2) muscle forces versus muscle length characteristic; and
3) muscle force versus velocity of shortening
characteristic. There is no method yet, to determine in
situ the individual muscle characteristics. By using the
two-muscles model (agonistic and antagonistic) a
simplified model of the joint will be produced. This
model will include the same three components, and they
can be measured in a clinical setting by a relatively
Fig. 3. Example of the organization of the mode rule
base. Each of the blocks contains the set of regular
reflexes to be used within this activity. Internal mode
rules take care of the adaptation within one mode (Fig. 4).
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simple, non-invasive assessment session [45, 46]. A
second order, critically damped, low-pass filter with a
delay can approximate the activation [47–50]. A parabolic
function is a good approximation of joint torque versus
joint angle (Fig. 6, left panel) [45, 46], and a hyperbolic
function a model for normalized joint torque versus
joint angular velocity (Fig. 6, right panel). These models
have been developed heuristically.
The left panel in Figure 6 shows a joint torque versus
joint angle for the knee extensor muscles. A large zone
was determined in a clinical study that included 12
subjects with a complete lesion between the T6 and T10
levels. The maximum torque in some cases was only
about 40 Nm, while in others the joint torque reached
over 140 Nm. Isometric joint torque was measured after
at least four weeks of extensive exercise of the quadriceps
muscles, and the measurements were averaged from
three sessions to minimize day to day variation, and
effects of muscle fatigue. The right panel in Figure 6
shows a normalized joint torque versus joint angular
velocity assessed in the same 12 subjects. The hyperbolic
curves determine a rather large zone. When the hyperbolic
curve is steep (in most cases), then generating desired
functional movements becomes very difficult or even
impossible.
The joint torque depends on the amount of electrical
charge delivered to the muscle, and the muscle properties
(eg, number of motor units, number of fast and slow
twitching fibres, muscle fatigue). The joint torque depends
also on the electrodes applied for stimulation. Figure 7
shows the joint torque versus electrical charge for surface
electrodes applied over the quadriceps muscles.
Monophasic, compensated, constant current pulses were
delivered via 5 x 10 cm carbon rubber electrodes with
conductive gel. Isometric joint torque was measured on
different days and averaged for all 12 subjects from three
sessions. A large zone was determined (Fig. 7).
Figures 5, 6, and 7  show that it is essential to know
the properties of the joint, and that these properties are
totally user-dependent. It is feasible to measure the
parameters and use them for synthesizing a control
[45–47, 50, 51].
Fig. 5. The three-component multiplicative muscle
model used for the actuator control level. The graph
includes only one muscle (agonistic), while in reality
the antagonistic muscle, having the same structure,
will act at the same joint. Hence, a joint torque is the
output, and two command signals delivered to agonistic
and antagonistic muscles are the input.
Fig. 6. The knee-extension joint torque vs the knee joint
angle (left panel) and the normalisorzed knee-extension
joint torque vs the knee joint angular velocity (right
panel) measured by the technique described in Stein et
al, 1996. The shaded zone presents the summary data
of 12 subjects evaluated in a clinical testing of the
"Medicina TS4" electronic stimulator (unpublished
report of the Rehabilitation Institute "Dr Miroslav
Zotovic", Belgrade, 1998; printed with permission).
Fig. 7. The knee-extension joint torque vs electrical charge
Q. Surface electrodes have been applied over the
quadriceps muscle, the subjects with paraplegia have
been sitting, and the maximum isometric torque measured
at the knee joint angle of 1.5 radian. The shaded zone
shows the joint torque measured after at least four weeks
of exercise (five days weekly) for 12 subjects evaluated in
a clinical testing of the "Medicina TS4" electronic stimulator
(unpublished report of the Rehabilitation Institute "Dr
Miroslav Zotovic", Belgrade, 1998; printed with
permission).
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Soft tissue, passive stretching of antagonistic muscles
and ligaments introduce non-linearities, which also
should be included in the model [46, 51].
Although this neuromuscular model is very complex,
it is only a great simplification of its biological counterpart.
The model does not include multiple muscles that are
acting at the same joint; it actually combines them in a
single equivalent flexor or extensor muscle. The reason
behind this simplification is that it is not feasible to
determine individual features of each muscle, yet it is
possible to estimate their total net effect at the level of
the joint. A method that can simplify estimation of
parameters with accuracy is the feedback error learning
that uses fuzzy-logic networks to ‘learn’ feedback for
closed-loop control at the level of a single joint [52].
Discussion
This paper proposes a control that is appropriate for
restoring movements by means of functional electrical
stimulation in patients with paralysis.
Who can benefit from a hierarchical, hybrid control
of walking?
Control principles presented here are applicable to all
NPs for walking. In order to illustrate the range of
possible applications we will present two rather distinct
categories:
Stroke patients or patients with incomplete spinal cord
injuries—being unable to walk because of a foot-drop.
Foot-drop is commonly treated with an ankle-foot
orthosis (AFO). This passive device can be constructed of
lightweight material, so that the foot is not loaded
appreciably. It still limits, however, the amount of foot
clearance by maintaining the ankle at approximately 90°
and restricts the push-off phase by making ankle plantar
flexion virtually impossible. Alternatively, muscles
innervated by the common peroneal nerve can be
stimulated to produce ankle dorsiflexion. The stimulating
electrode is generally placed so that many sensory fibres
from the common peroneal nerve are also stimulated.
Sensory stimulation can lead to a flexor reflex and
generate flexion at the knee and hip, as well as the ankle.
In many stroke patients sensation is normal so that
surface stimulation at a level that elicits a reflex may be
painful, which was the original reason for using a fully
implanted system [31]. In patients with spinal cord
injury, however, sensation is often missing or reduced
and flexor reflexes can be elicited without causing pain
or skin problems. The contemporary version of the foot-
drop stimulator is based on the implants that are replacing
external sensors and stimulators [53–55].
The suggested control can improve function by
enabling coordination to take into account both the
contralateral and ipsilateral leg. Foot-drop operates during
the swing; thus, the rules for level walking apply by
recognizing stance of the contralateral leg, as well as the
initial and terminal phase of the swing of the ipsilateral
leg. Rules recognize undesired effects (eg, spasm, flexion
reflex) and can introduce the required adjustment. The
stimulation can also be applied at the end of the stance
phase of the ipsilateral leg to assist better push-off by
stimulating plantar flexors. This control will ensure
adaptation and eliminate false triggering, which is very
unpleasant and compromises the safety of walking.
Patients with complete and incomplete paraplegia—at a
level that allows them to control the trunk and use the
upper extremities for balance and support. Such patients
can benefit mostly from the proposed control. A
multichannel system with a minimum of four channels
of FES is required for slow walking in a subject with a
complete motor lesion of the lower extremities and
preserved balance and upper body motor control.
Presently, appropriate bilateral stimulation of the
quadriceps muscles locks the knees during standing.
Stimulating the common peroneal nerve on the ipsilateral
side, while switching-off the quadriceps stimulation on
that side, produces a flexion of the leg. This flexion
combined with adequate movement of the upper body
and use of the upper extremities for support allows
ground clearance and is considered the swing phase of
the gait cycle. Hand or foot switches provide the flexion–
extension alternation needed for a slow forward or
backward progression. Sufficient arm strength must be
available to provide balance in parallel bars (clinical
application), and with a rolling walker or crutches (daily
use of FES). Multichannel percutaneous systems for gait
restoration are advantageous for their ability to activate
many different muscle groups [6]. Originally, fine-wire
intramuscular electrodes were put close to the motor
point of selected muscles. Knee extensors (rectus femoris,
vastus medialis, vastus lateralis, vastus intermedius), hip
flexors (sartorius, tensor fasciae latae, gracilis, iliopsoas),
hip extensors (semimembranosus, gluteus maximus),
hip abductors (gluteus medius), ankle dorsiflexors (tibialis
anterior, peroneus longus), ankle plantar flexors
(gastrocnemius lateralis and medialis, plantaris, and
soleus), and paraspinal muscles were selected for
activation; the hand controller allowed the selection of
gait activity. These systems were limited to the clinical
environment. Recent developments use the fully
implantable system with up to eight channels per leg
(epimysial electrodes) [10].
Why use hierarchical hybrid control for walking?
Bipedal walking of able-bodied humans is a well-
coordinated, cyclic activity involving most of the muscles
in the body. Trunk and arm muscles are coordinated to
provide balance, yet the lower trunk and leg muscles
provide support and propulsion in the desired direction.
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Hitherto, control in cases of paralysis has dealt mostly
with the aspect of generating cyclic activity that resembles
leg movements in walking. The NP is applied to only
some muscles, while the others remain controlled by the
CNS. NP cannot activate all the skeletal muscles that are
paralysed for several reasons (eg, atrophy, denervation,
difficulty in selective activation, muscle fatigue [56–
58]), and there is no guarantee that only the desired
muscles are contracting (eg, spasticity, modified neuronal
pathways). A person using a NP does not know what the
controller is doing and what the effects will be. The
feedback from stimulated parts of the body is rather
limited. For these reasons, it was deemed necessary to
design a novel controller that could overcome some of
these difficulties.
There are no numerical methods that can take into
account all of the elements at the global level. Closed-
loop control is likely to be too slow for overall control of
walking because of the characteristics of the muscles
(delay), but not necessarily for lower, actuator level of
control. The complexity of the system is such that even
if a perfect model existed and all parameters were
known with sufficient accuracy, real-time computation
would be impossible.
Decomposition of the control system into general
and model-based subsystems has two unique features.
The upper, coordination level is fully modular and deals
with the process of locomotion in the state space. This is
feasible because the coordination between joints is a
characteristic of walking, not of a given user. This allows
the use of the ‘universal’ knowledge base. The knowledge
base reflects mapping between sensory input and motor
output. The disability is, however, entirely subject
dependent. This does not affect in any way the
coordination level. The individual specificity of disability
affects only the complexity of the stimulation system
(number of stimulation channels, number of sensors for
recognition of the state of the system), and the number
of actuator controllers.
The actuator control level communicates directly
with the coordination level by receiving the command
signals and sending signals to the coordination level that
the activity has been initiated. The coordination level
also receives signals from the sensors directly. These
signals are used to distinguish between regular, cyclic
activity, change of modality of walking, and possibly
unpredicted situations (hazard).
Customizing the actuator level of the controller is as
said instrumental for its successful operation. The
difficulty when determining the parameters of the model
is the inherent change of muscle properties: long-term
change caused by prolonged therapy and activity of
muscle, and short-term change caused by muscle fatigue.
The long-term changes can easily be integrated by tuning
the system to the new condition. Muscle fatigue is very
difficult to deal with because it depends on numerous
factors: the only possible approach is to include an
indicator of the fatigue in the actuator control [56–58].
Conclusion
Walking in man is achieved by coordinated movements
of all body segments. These movements are the
consequence of the simultaneous action of external
forces (eg, gravity, friction, force), inertial forces, and
internal forces (muscles). During walking, all mechanisms
that permit its realization must make the maintenance of
the upright posture possible. The mechanical actions, to
which the metabolic energy consumption is associated,
must be effectively used through a skilful exploitation of
the external and inertial forces. It is believed that the
natural motor strategy can optimize these objectives to
the same degree with one single motor solution. A
hierarchical hybrid controller can be incorporated into
natural control in patients with paralysed legs using FES
to restore walking. It will allow the ‘natural’ strategy of
walking, selected by the user, to be employed, ultimately
leading to higher speed, decreased metabolic energy cost
and rate, and use of upper extremities only for balance
and safety. The features of the system will be fully used
only in combination with an implantable FES system
that integrates a sufficient number of stimulation channels
and appropriate sensors.
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